We demonstrate a three-component fiber optic seismometer for seismic observation, with no electronics in the sensor probe, but relying exclusively on optical fiber in the form of an unbalanced Michelson interferometer, with state-of-the-art performance characteristics. The fiber optic seismometer system is installed in the seismic observation cave at the Earthquake Administration Bureau of Jilin Province, in Changchun, Jilin, China, and has been operating without interruption for more than a year. Two minor earthquakes of different magnitudes recorded by the three-component fiber optic seismometer are analyzed and discussed in detail from the perspectives of time domain and frequency domain signal quality and fidelity. In addition, the recording results of the fiber optic seismometer are compared with those of the traditional electrical-mechanical seismometer co-located at the observation site. Actual observational results of the seismic events show that the three-component fiber optic seismometer can record the seismic waves clearly, with comparable performance as the conventional seismometer.
I. INTRODUCTION
Traditional seismometers mostly adopt the leaf spring configuration, with a force-balance electro-mechanical feedback, which realize the characteristics of very broadband, high sensitivity, low noise and large dynamic range [1] , [2] . Theses conventional seismometers have been successfully used in the worldwide digital seismic networks owing to their unique advantages. For example, the STS-1, STS-2 seismometers produced by Streckeisen and co-workers have been used in GEOSCOPE global seismic observation network in France to observe the earth's self-noise and earthquake events [3] , [4] ; The flat response to velocity in the frequency range of the very broadband seismometer STS-1 and the broadband seismometer STS-2 are 0.0028 Hz -10 Hz and 0.01 Hz -50 Hz, respectively [5] . The STS-2 seismometer has also been used by the Advanced National Seismic System (ANSS)
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for routine earthquake monitoring in the United States [6] . In addition, the broadband seismometer Guralp CMG-3T and KS-5400 are deployed in the US [7] , the STS-1, STS-2 and CMG-1T, CMG-3T series broadband seismometers are also widely used in seismic observation networks in Japan [8] . The Chinese digital seismic network is widely equipped with the very broadband seismometer CTS-1, which has a velocity response range of 0.0083 Hz -50 Hz [9] .
Although traditional seismometers all feature high performance after a century's experimental iteration, there are still some undeniable drawbacks, such as their stringent requirement on the operating environment, their vulnerability to electromagnetic interference, and their need for long-term continuous power supply [10] . Because of such limitations, they have been known to suffer lightning damages in the field, and they cannot be readily deployed in deep boreholes. As a new generation seismometers, optical fiber geophones, combining the advantages of immunity to electromagnetic interference, small footprint, easy multiplexing [11] , [12] , and with the sensor probe completely electricity-free, circumvent the problems faced by traditional seismometers elegantly, and as such, has received increasing attention in recent years. The fiber optic seismometer uses no electronics in the sensor probe, rather it relies on fiber optics. It transduces the position of mass by laser interference and reflects the ground vibration information, instead of measuring electromagnetic force required to maintain the inertia mass in place, as is done in almost all broadband seismometers. Additionally, the advantages of high sensitivity, wide dynamic range and mechanical simplicity of optical fiber sensors can outweigh the disadvantages of the open-loop design of most fiber optic seismometers.
The fiber optic seismometer has attracted the attention of many researchers since it was first proposed in the 1990s [13] , and has rapidly expanded its designs and applicability in the past decades. Kamenev et al. reported a fiber-optic seismometer on the basis of Mach-Zehnder interferometer, where the sensing element of the seismometer was implemented as a multiturn optical coil [14] . Zeng et al. reported a mass-loaded mandrel fiber optic accelerometer designed for well-logging seismic observation, and the accelerometer can accomplish the 3-component measurement by multiplexing the three unidirectional sensing elements [15] . Zumberge et al. reported a modified STS1 vertical seismometer, whose electronics was replaced with an bulk optical interferometer, and recorded the 2008 Sichuan earthquake [16] ; recently, they also reported a completely new three-component borehole optical seismic and geodetic sensor, which was installed at the Albuquerque Seismological Laboratory (ASL) for one year, and had provided geodetic records [17] . Zhang et al. reported a fiber optic seismometer based on phase-shifted fiber Bragg grating (FBG), and had recorded short-range small earthquake [18] .
Although several previous studies have successfully developed optical fiber seismometers based on various structures, most of them only stay in the laboratory, without actual longterm seismic observation and recording earthquake events. In the work reported here, we developed and deployed a threecomponent all-optical seismometer based on Michelson interferometer. The seismometer has been installed in a cave in Changchun Jingyue Earthquake Station in Jilin Province, China, since May 2017. The early part of deployment was for the preliminary tests, and the continuous data recording period presented here has been more than one-year long. During this period, the fiber optic seismometer has successfully recorded two earthquake events which are in good agreement with the traditional seismometer co-located in the same observation cave.
The remainder of this report is organized as follows. In Section II, we briefly introduce the working principle of the three-component optical fiber seismometer and the technical performance parameters of the seismometer system. Section III presents the installation and deployment environment of the field seismic observation of the seismometer. In Section IV, the observation results of two earthquakes with different magnitudes are discussed in detail. In Section V, we compare and analyze the results of seismic events recorded by the optical fiber seismometer and the traditional seismometer. Finally, Section VI contains a few concluding remarks.
II. THREE-COMPONENT FIBER OPTIC SEISMOMETER
The three-component fiber optic seismometer we developed is based on an unbalanced Michelson interferometer, and the schematic diagram is shown in Fig. 1 . The external-cavity laser (ECL) as the light source is modulated by a sinusoidal signal with the frequency of f c = 16 kHz by changing the driving current of the laser. The center wavelength of the ECL is 1550 nm, and the modulated signal is from the analog signal output card, which also outputs octave signals of the fundamental and second harmonic of the modulation frequency. The output of the laser is equally divided into four channels by a 1 x 4 coupler after passing through the isolator used to block the interference signal formed by the reflected light from the Faraday mirrors so as not to affect the laser. The first three light paths pass through the same optical path to ensure the consistency of the three components of the seismometer, which are the circulator and the 1 x 2 coupler for dividing the optical path into two paths again, and enter the corresponding three-component sensing probes, respectively. The light reflected from the Faraday mirror in the transduction probe interferes at the 1 x 2 coupler and outputs at the c end of the circulator. Another function of the Faraday mirror here is that it can eliminate the polarization fading at the end of the interferometer [19] . The four paths are detected by the photodetector and sent to the demodulation module through the data acquisition card. Finally, the display shows the demodulated vibration information.
The sensor probes, adopting the general compliant cylinder structure [20] , [21] , consist of two fiber-wrapped silicone rubber cylinders, which support a single seismic mass, each wrapped with the optical fiber which acts as one arm of the fiber optic interferometer. The optical fiber acts as both a transmission element and a sensing part in this seismometer. When the external vibration causes a relative displacement of the mass, the motion will cause tension strain to lengthen one of the rubber cylinders and compression strain to shorten VOLUME 8, 2020 the other, form a push-pull mass-spring system. The optical fiber wrapped around the mandrel will also become longer and shorter together, so the light transmission path between the two interference arms changes, forming the interference. By demodulating this interference signal, one can obtain the vibration information. The symmetrical push-pull structure can not only improve the sensitivity by using the Michelson interferometer, as the light passes through each sensor coil twice, but also reduce the influence of temperature fluctuation and other noises of the system. The height of the sensing probe of the optical fiber seismometer designed by us with the cylindrical shape is 90 mm, and the diameter of the cylinder is 75 mm, it has the advantages of small size and light weight.
The performance parameters of the system are as follows: the average sensitivity of the geophone is 57 dB re rad/g within the operation frequency range 0.005 Hz -50 Hz; the axial sensitivity is 30 dB higher than the transverse sensitivity; the minimum detectable acceleration level is 50.56 ng/
√
Hz; the dynamic range of the seismometer is 117.03 dB. Other detailed information on the system design and the performance parameters of the three-component fiber optic seismometer can be obtained from our earlier reports [22] - [25] . Due to the excellent performance of the three-component optical fiber seismometer, it is deemed suitable for practical seismic observation.
III. FIELD DEPLOYMENT
The three-component optical fiber seismometer system was installed in the Changchun Jingyue Seismic Station, Jilin Province, China, where the seismic observatory is equipped with the very broadband seismometer CTS-1. The force balance electronic mechanical feedback system is adopted in this traditional seismometer, which produces the force to keep the mass relatively static through the current feedback coil magnet structure. The seismometer CTS-1's main technical performances can be summarized with the following specifications: the flat to velocity range is 0.0083 Hz -50 Hz; the sensitivity is 2 × 1000 V/m/s; the maximum ground motion input amplitude is 1.0 × 10 −2 m/s; the dynamic range is more than 140 dB [9] . The seismometer CTS-1 is placed on the bedrock inside the cave to observe seismic activities, as shown in Fig. 2 (a) .
The optical fiber seismometer system is placed in the seismic observation cave for observing seismic waves in the neighboring chamber, which is isolated from the external environment by 4 levels of waterproof and sound-proof doors. A photograph of the setup for the fiber optic seismometer in the observation cave is shown in Fig. 2 (b) . The temperature and humidity of the cave are maintained at approximately 12 • C and 60% throughout the year. The three components of the optical fiber seismometer are fixed in three orthogonal directions (X-North, Y-East, and Z-Vertical) on the bedrock with clay according to the direction indicated on the bedrock.
Specially, the clay can indurate below 20 • C. The host computer contains the electronic-control parts and the optical parts of the system. The display is to show the acceleration of the seismic wave in real time, and replay the past test data which is saved on the local disk mounted on the host computer. After installation and an initial testing, the fiber optic seismometer system has been operating continuously with no interruption for more than one year.
IV. SEISMIC OBSERVATION RESULTS

A. OBSERVATION OF THE FIRST SEISMIC EVENT
During the optical fiber seismometer observation period, we first recorded an earthquake event, which occurred on May 18, 2019, in Songyuan, Jilin Province, China. According to the China Seismological Network, the magnitude of the earthquake was 5.1 and the focal depth is 10 km. The time domain information of seismic recording results by the fiber optic seismometer are shown in Fig. 3 . Fig. 3 (a) , (b), and (c) are the three orthogonal components (X-North, Y-East, and Z-Vertical) observation results in terms of acceleration versus time, respectively. From Fig. 3 , we can see that the P-wave and S-wave of the earthquake can be clearly distinguished from the seismogram for determining the distance of the earthquake, and the arrival time interval between the P-wave and S-wave of the seismic wave is 22.0 s for the north-south direction ( Fig. 3 (a) ), 22.0 s for the eastwest direction ( Fig. 3 (b) ), and 21.8 s for the vertical direction ( Fig. 3 (c) ). Moreover, the arrival time of the P-wave measured by the three probe sensors is consistent; the same is true with the S-wave. We can conclude that the consistency of the three-component sensor probes of the fiber optic seismometer is working as designed. The maximum acceleration amplitudes of the S-wave in the three components are 210 µg, 165 µg, 62 µg respectively. Therefore, we can also conclude that the vibration amplitude felt in the vertical direction of an earthquake is the smallest.
In addition, we analyze the frequency domain information of this seismic record of the three components as shown in Fig. 4 , which is the amplitude of different frequency components' changes with time. The values corresponding to different colors in Fig. 4 represent the magnitude of acceleration values expressed in dB after normalization. By observing the time-frequency diagram, we can see more intuitively the arrival time and frequency components of the seismic wave. From Fig. 4 (a) -(c), we see that the seismic wave recorded by the three components of the fiber optic seismometer contains the same frequency component, and the duration of the seismic wave is all about 120 s above 15 Hz; and with the decrease of frequency, the duration of seismic wave is longer below 15 Hz, the longest time is about 300 s at 0.01 Hz. In particular, the energy is mainly concentrated in the lowfrequency band below 15 Hz: as the frequency decreases, the amplitude of the acceleration caused by the seismic wave increases. By comparison between Fig. 4 (a) , (b), and (c), it is seen that the acceleration amplitude of the vertical component 
B. OBSERVATION OF THE SECOND SEISMIC EVENT
Songyuan is an earthquake-prone area due to both anthropogenic and natural causes (a large-scale oil field and active VOLUME 8, 2020 shale gas extraction by hydro-fracking in the environs), thence, we soon recorded another earthquake in Songyuan, Jilin Province, China. It occurred on Jun 03, 2019, the magnitude of the earthquake was smaller than that of the first one, at 4.0, with the focal depth of 12 km. The time-domain information of the seismic observation results are shown in Fig. 5 . As can be seen from Fig. 5 , the three sensing probes of the optical fiber seismometer still show good consistency in this smaller magnitude earthquake (note that earthquakes are graded on a logarithmic scale), and the time intervals of the P-wave and S-wave of the seismic wave measured by the three orthogonal components are all 21.5 s. By comparing Fig. 5 (a)-(c) showing the three components (X-North, Y-East, and Z-Vertical), we can see that the arrival time of the P-wave measured by the three components is consistent, and the same can be said about the S-wave also. Furthermore, the maximum acceleration amplitudes of the S-wave for the three components are 58 µg, 90 µg, 20 µg, respectively. Similarly, it turns out that the amplitude of the shock felt in the vertical direction is the smallest in an earthquake.
We also analyze this earthquake from the perspective of frequency domain as shown in Fig. 6 , which is the change of amplitude of different frequency components of the seismic observation results with time. The values corresponding to different colors in Fig. 6 represent the magnitude of acceleration values expressed in dB after normalization. By comparison between Fig. 6 (a) , (b), and (c), we can see that the frequency components of the seismic waves observed by the three orthogonal components are still the same in this small magnitude earthquake, and the change time of the acceleration amplitude caused by the seismic waves is the same. However, it should be noted that this seismic wave lasted for the same time in the full frequency band, about 120 s, which is different from the first earthquake. Similarly, the energy of the seismic wave is mainly concentrated in the low frequency band below 15 Hz. The lower the frequency, the larger the acceleration amplitude. Comparing (a) and (b) in Fig. 6 , we can see that the change of acceleration amplitude caused by the seismic wave in the X-North component and the Y-East component are basically the same in the whole frequency band. However, comparing (a) and (c) in Fig. 6 , we find that the seismic wave is relatively weak in the Z-Vertical direction, and the change of acceleration amplitude caused is relatively small.
Through the comparative analysis of these two earthquakes with different magnitudes, we can draw a conclusion that the vibration frequency and amplitude of the East-West and North-South orthogonal directions are basically consistent in one earthquake. However, the same frequency component is felt in the vertical direction, but the vibration amplitude caused by the seismic wave is relatively small, which can be clearly seen from the frequency domain that the high frequency band above 15 Hz, where this is particularly obvious. Moreover, as the magnitude decreases, the vibration amplitude decreases not only in the high frequency band but also in the low frequency band. In addition, the duration of the low-frequency component below 15 Hz in the seismic wave increases with the increase of the magnitude, while the duration of the high-frequency component above 15 Hz does not change with the magnitude. It should be specially stated that the above conclusions are only obtained for the two earthquakes discussed in this paper, which have different magnitudes but occurred at the same location. Additionally, in the frequency domain analysis of the second earthquake, by observing the noise background color value in Fig. 6 , we seem to feel that the noise background of the system has become larger, but the noise background of the actual system has not changed. This is because the color display is shown according to the value of the normalized acceleration. In the second earthquake, the amplitude of acceleration became smaller, while the constant noise made the signal-to-noise ratio of the system decrease, so the relative value of the normalized noise increases. 
V. COMPARISON WITH TRADITIONAL SEISMOMETER OBSERVATION RESULTS
We are fortunate to have access to the seismic observation results of the traditional very broadband seismometer CTS-1 about the above two earthquakes with the support of the Changchun Jingyue Seismic Station. Before comparing with traditional seismometer observation results, we compare the acceleration noise of optical fiber seismometer to the seismometer CTS-1, the U.S. Geological Survey's New Low Noise Model (NLNM) and New High Noise Model (NHNM), four acceleration noise power spectral density (PSD) curves with different colors are shown in Fig. 7 . NLNM and NHNM are the standard global noise models established by the U.S. Geological Survey, which are commonly accepted as global references. They are the average low and high seismic background noise power spectra obtained from a worldwide network of seismograph stations, and have been taken as baselines for evaluating and comparing station site characteristics, for defining instrument specifications, and for predicting the response of sensor systems under quiet and noisy background conditions. We can see from Fig. 7 that although the acceleration noise of the fiber optic seismometer is somewhat higher than that of the seismometer CTS-1, it is lower than NHNM in the frequency band above 0.1 Hz.
Because the standard seismic data of the Seismological Bureau shows velocity information, hence we converted the raw acceleration signals recorded by the three components optical fiber seismometer into the ground velocity by an integral operation for comparison with the standard CTS-1 seismometer. Fig. 8 is the seismic recordings of the two earthquakes in Songyuan, Jilin Province, China: (a) the magnitude 5.1 earthquake and (b) the magnitude 4.0 event. The plot shows comparisons of the time series from the optical fiber seismometer three components (X-North, Y-East, and Z-vertical) and the conventional CTS-1 seismometer three components sited in the neighboring chamber. In each panel as shown in Fig. 8 , the upper seismogram (the blue trace) is the record of the fiber optic seismometer and the lower trace (the red trace) is the record of the conventional CTS-1. Each trace is offset vertically for clarity and the differences of velocity amplitude between the two seismometers is plotted as the center traces (the green trace). We can see from the comparison results in Fig. 8 that the waveforms measured with the conventional seismometer and the optical seismometer agree very well and the waveform shapes are nearly identical for the two seismic events. In the two earthquakes, the arrival times of the P-waves detected by the three components of the fiber optic seismometer and the traditional seismometer CTS-1 are the same, and the time intervals of the P-wave and the S-wave recorded are also consistent. In the first seismic event, comparing the optical fiber seismometer and the traditional seismometer, the differences of the maximum velocity amplitude caused by the S-wave in the three components (X-North, Y-East, and Z-vertical) are 0.81%, 1.12%, and 1.34%, respectively. In the second seismic event, the differences are 0.87%, 1.09%, and 0.75%, respectively. We can see from the trace of difference in Fig. 8 that the velocity amplitude obtained by the fiber optic seismometer has a small difference from the velocity amplitude measured by the traditional seismometer, and the largest difference occurs in the vertical component of the first earthquake, but the difference is only 1.34%. Moreover, the error mainly comes from the calculation error introduced in the process of converting the acceleration measured by the fiber optic seismometer into velocity. The only downside is that the noise level of the three-component optical fiber seismometer is higher than that of the traditional standard seismometer CTS-1 as can be seen from Fig. 8 . The main reason is that the seismometer sensor probes and the instrumentation box which is connected to the sensor probes by single mode fiber and contains all the electronic parts of the system, including the laser and the photodetectors, are placed in the same room due to resource constraints. The difference in noise performance can be greatly reduced if the optical fiber sensing probes are placed separately from the instrumentation box of the seismometer. Fortunately, we have been able to do just that recently, and have observed a more than 10 dB reduction in noise as a result. We are optimistic that this should bode well for future seismic observation data from our system. Looking at the comparison of seismic event records, this implies that the proposed three-component optical fiber seismometer may have a promising application prospect in the field of earthquake monitoring.
VI. CONCLUSION
We have developed a three-component fiber optic seismometer that relies on optics inside the sensor probe rather than electronics and field-tested it for more than one year in a seismic observation station. It performed as well as a conventional seismometer, and showed good consistency compared to the traditional high-performance seismometer CTS-1. The operation principle of the fiber optic seismometer system and the sensing mechanism of the sensing probe are briefly discussed. We mainly focus on the detailed analysis of the field seismic observation of the seismometer. Two earthquakes with different magnitudes are analyzed and discussed in detail from two different perspectives of time domain and frequency domain. In addition, we also compare the seismic observation results with those of the traditional seismometer, which shows good consistency.
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